Introduction
Osteoporosis (OP) is defined as a systemic skeletal disorder characterized by low bone mass and micro-architectural deterioration of bone tissue with a consequent increase in bone fragility and susceptibility to fracture risk. It is a serious global health problem associated with high morbidity and mortality, as well as drastic economic burden. 1 Several drugs with different mechanisms of action have been used for OP with the aim of preventing fracture through inhibition of bone resorption or stimulation of bone formation. All currently available approved therapies for OP work by inhibiting the normal breakdown and resorption of bone. Such antiresorptive therapies include calcitonin, estrogen replacement therapy, selective estrogen receptor 
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el-nabarawi et al modulators (Raloxifene), and bisphosphonates (alendronate sodium and risedronate sodium). These therapies are unable to increase bone mass but modestly reduce the risk of new fractures. 2 Bisphosphonates inhibit farensyl pyrophosphate synthetase, which is responsible for the transformation of geranyl pyrophosphate into farensyl pyrophosphate, and then to geranylgeranyl pyrophosphate which is responsible for osteoclast activation and subsequent bone resorption, through formation of its ruffled borders needed to seal off the bone surface for proper release of proteolytic enzymes and acid that dissolves the underlying bone. However, the safety of oral bisphosphonates has been questioned due to adverse events from the upper gastrointestinal tract, acute phase response, hypocalcaemia, secondary hyperparathyroidism, musculoskeletal pain and osteonecrosis of the jaw. 3, 4 Statins are structural analogs of 3-hydroxy-3-methyl glutaryl-coenzyme A and competitively inhibit the HMGCoA reductase enzyme, which is responsible for the first committed step in sterol biosynthesis. Statins that are approved for use include lovastatin, pravastatin, simvastatin, fluvastatin, cerivastatin, atorvastatin and rosuvastatin. They effectively lower the cholesterol levels, thereby reducing the risk of ischemic heart disease, and stroke. They can also modify endothelial function, control inflammatory response, promote plaque stability, inhibit thrombus formation, reduce platelet aggregation, increase collagen and smooth muscle cells, and maintain a balance between prothrombotic and fibrinolytic mechanisms. 5 These are used in the treatment of hyperlipidemia and act on the same pathway of bisphosphonates but on an earlier step. With respect to the ability of statins to inhibit the HMG-CoA reductase, a key enzyme in the pathways of cholesterol synthesis as well as in the process of activation of osteoclasts, many studies had suggested that statins may have additional important therapeutic effects known as pleiotropic or cholesterol-independent effects via other molecular pathways. [5] [6] [7] Both hydrophilic and lipophilic statins inhibit HMG-CoA reductase; however, it was proven that only the lipophilic statins predominantly induce bone morphogenetic protein-2 (BMP-2) expression, which promotes differentiation of mesenchymal stem cells into differentiated osteoblasts and bone formation. 7, 8 Several in vitro and in vivo animal studies had proven its dual effect with bone formation, as well as antiresorptive effects. [9] [10] [11] The aim of this study was to investigate the effect of atorvastatin (lipophilic statins) on the bone formation and resorption markers in ovariectomized rats (experimental study) and its effect on the bone mineral density (BMD) in postmenopausal osteoporotic women (clinical study).
Materials and methods experimental study animals
Animals were housed and cared for in the Animal Resource Center, and were allowed free access to standard dry pellet diet and water ad libitum. All procedures were in accordance with the National Institute of Health guidelines for the care and use of laboratory animals. The study was approved by the Research Ethics Committee of the Faculty of MedicineCairo University (472-01-2013).
experimental protocol
Forty-two adult female Wistar rats were included in the current study for 4 weeks. Their weights ranged from 200 to 250 grams, and they were caged in fully ventilated room and exposed to natural daily (12:12 h light-dark cycle). These animals were grouped in polyacrylic cages and maintained under standard laboratory conditions (temperature 25°C±2°C and 50%±5% relative humidity). They were allowed free access to standard dry pellet diet and water ad libitum. They were acclimated for 1 week before randomly allocated to groups. The rats were anesthetized by sodium pentobarbital (40 mg/kg, i.p.) 12 before surgical operation.
animals and experimental protocol
The animals were classified into five groups: Group I: (six rats) sham-operated group (control rats group) included nonovariectomized untreated rats. Group II included six normal rats that received 1 mL of carboxymethyl cellulose (CMC) orally daily. Group III included six normal rats who received atorvastatin. Group IV included 12 rats that were ovariectomized (OVX) and served as a model of OP. Group V included 12 ovariectomized rats receiving atorvastatin that was started on the fifth postoperative day and continued for 4 weeks. Following the method outlined by Lasota and DanowskaKlonowska, 13 the ovary was resected bilaterally through longitudinal dorsal midline skin incision. After skin incision, a second incision was made about halfway down the side of the abdominal wall into the dorsolateral musculature to enter the abdominal cavity in the region of a peri-ovarian fat pad. The ovary was exteriorized by grasping peri-ovarian fat with tissue forceps, and the pedicle was ligated and excised between the uterine horn and the fallopian tube. The uterine horn was returned to the abdominal cavity. The process was repeated for the other side. Both incisions on the abdominal cavity musculature were closed with suture. Sham-operated animals underwent the same procedure as the ovariectomized rats but without resection of the ovaries. CMC was used as Drug Design, Development and Therapy 2017:11 submit your manuscript | www.dovepress.com
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atorvastatin, double weapon in osteoporosis treatment a solvent for atorvastatin. It was dissolved in distilled water at a concentration of 0.5 mg/100 mL of distilled water. Atorvastatin was used at a dose of 20 mg/kg/day by oral gavage for 4 weeks.
14 After 4 weeks, venous blood samples were collected from the retro-orbital plexus of all groups in capillary glass tubes and were incubated at 37°C until blood clotted, and then were centrifuged to separate serum. Serum samples were analyzed for measurement of two bone formation markers: total alkaline phosphatase (ALK-P) and osteocalcin (OCN); and the bone resorption marker acid phosphatase (ACP), as well as measurement of total calcium and inorganic phosphorus.
histopathological evaluation
After collection of blood samples, four rats from each group were sacrificed. The lumbar vertebrae and the femur sections were removed and were fixed in 10% natural buffered formalin and embedded in paraffin for a light microscope study. Sections with 3 µm thickness were prepared and stained with hematoxylin and eosin (H&E). The cortical thickness and trabecular area in femur and vertebra were examined, as well as the osteoblast, osteoclast and new blood vessels formation.
clinical study
Eighty-five postmenopausal females participated from the Rheumatology and Rehabilitation outpatient clinic, Cairo University hospitals, during the period from January 2013 till November 2014. All women who were included in the current study provided a written informed consent prior to their inclusion. This study was approved by the research ethics committee of the Faculty of Medicine -Cairo University (472-01-2013).
Patients' selection depended upon the following criteria: 1) They had OP confirmed by dual-energy X-ray absorptiometry (DEXA). 15 2) They were newly diagnosed with hyperlipidemia at the time of the study. 3) These patients had esophageal and gastric diseases that interfered with bisphosphonates treatment. 4) Patients who were taking or had a history of either antiresorptive, bone-forming or lipidlowering drugs or had any disease responsible for secondary OP were excluded from the current study. Atorvastatin 40 mg/day, calcium carbonate 500 mg/day and vitamin D 800 international units were given to all patients for a period of 18 months.
The following investigations were done to all patients: Estimation of the serum lipid profile at the start of the study to confirm hyperlipidemia. All our patients had increased serum total cholesterol level .240 mg/dL (normal ,200 mg/dL), elevated level of low density lipoprotein cholesterol .160 mg/dL (normal ,129 mg/dL), lower level of high density lipoprotein cholesterol ,40 mg/dL (normal .60 mg/dL) and increased triglyceride level .200 mg/dL (normal ,150 mg/dL). 16 DEXA, using the Lunar Prodigy equipment (GE Lunar Corporation, Madison, WI, USA), was used to measure BMD according to diagnostic categories that had been proposed by World Health Organization 15 and modified by the International Osteoporosis Foundation. 17 Patients included in the study had BMD 2.5 standard deviation (SD) or below the young adult female mean (T-score ,-2.5).
statistical analysis
Data were collected, revised and entered into a computer. These were analyzed by SPSS statistical package, version 19 (IBM Corporation, Armonk, NY, USA). Excel computer program was used to tabulate the results and represent it graphically. For the quantitative variables which are normally distributed, a paired t-test was used to declare the significant difference at P,0.05. The significant difference between groups was shown using one-way analysis of variance (ANOVA) test at P,0.05, followed by Duncan's multiple comparison test at P,0.05 to declare the significance between each of two groups.
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Results
experimental study
The mean serum ACP in the two groups of rats that received atorvastatin only and ovariectomized rats (model group) was significantly elevated to 29.43±2.00 µg/L and 61.95±4.97 µg/L, respectively, compared to the control group 23.20±1.76 µg/L. In the fifth group, ovariectomized rats that received atorvastatin showed a significant reduction of serum ACP to 30.27±0.63 µg/L compared to osteoporotic rats group IV, 61.95±4.97 µg/L, as shown in Table 1 .
Rats that received atorvastatin (group III) and ovariectomized rats (group IV) showed a statistically significant increased level of serum ALK-P compared to control groups (193.83±41.48 µg/L and 125.87±3.39 µg/L versus 121.63±3.56 µg/L). Also, ovariectomized rats that received atorvastatin (group V) was associated with a significant decrease of serum ALK-P in comparison to the OP group (120.23±4.66 µg/L versus 125.87±3.39 µg/L), as shown in Table 1. The mean serum OCN level was significantly increased in rats that received atorvastatin (group III) and ovariectomized rats ( Table 1 .
The mean calcium level in the osteoporotic group (group IV) was significantly decreased to 10.43±0.60 mg/L compared to the control group (group I), 13.30±0.62 mg/L. Ovariectomized rats that received atorvastatin (group V) were associated with a significant increase of serum calcium level compared to the model group of OP (group IV; 12.57± 0.97 mg/L versus 10.43±0.60 mg/L), as shown in Table 1 .
Atorvastatin administration in normal rats significantly reduced the level of serum inorganic phosphate compared to the normal group (7.27±0.70 mg/L versus 10.17±0.43 mg/L). In the OP model group, the mean serum inorganic phosphate level was significantly decreased to 7.45±0.79 mg/L compared to the normal group. In group V, the mean serum level of inorganic phosphate was raised significantly to 10.70±1.26 mg/L compared to the OP model group, as shown in Table 1 .
The histopathological examination of rat bones showed numerous trabeculae, osteoblast cells and blood vessels in the atorvastatin group (Figure 1) . While those ovariectomized rats, the OP model, showed widely spaced thin bone trabeculae with fatty bone marrow filling the spaces between the trabeculae.
clinical study
Of the 85 patients, only 70 completed the study throughout the follow-up duration of 18 months (2 died, 7 noncompliant to treatment and 6 lost to follow-up). The demographic data of finally included 70 patients are shown in Table 2 . Mean T-scores of femoral neck, lumbar spine and distal radius measured by DEXA at the start and at the end of the study were shown in Table 3 . None of them had fractured during the study period. After 18 months, the DEXA showed improvement of the T-score for the three measured zones; however, these changes were statistically significant only in the femoral neck area (P=0.009).
Discussion
Ovariectomy has shown an increased risk of OP as it occurs in postmenopausal women. Moreover, the ovariectomized rat is considered the gold standard model for evaluation of 19 This study revealed increased serum level of ACP and ALK-P in ovariectomized rats which contributes to high bone turnover rate, being characterized by an increase in both bone resorption and formation, but bone resorption exceeds formation, leading to bone loss, 20 thus, indicating an increase in osteoblastic and osteoclastic activity, respectively, resulting in an overall net loss of bone.
Our results are compatible with those reported by Riggs and Melton 21 who found that menopause results in elevated bone turnover, an imbalance between bone formation and bone resorption and net bone loss, and this is attributed to the cessation of ovarian function and tapering off of estrogen secretion. [20] [21] [22] Also, the present work showed an increased level of serum OCN in ovariectomized rats. Some researchers reported that OCN is a non-collagenous matrix protein produced by osteoblasts and serum OCN correlates with the rate of bone mineralization. 23 These results coincided with those of Abdallah et al, 24 who showed that ovariectomy induced a rise in serum OCN level as a result of compensation of increased bone turnover.
Furthermore, Seibel 25 showed that changes in serum OCN concentration represent changes in whole skeleton bone metabolism. Moreover, serum OCN levels are most likely to either reflect newly synthesized protein or that released from the bone matrix during resorption. 26, 27 Also, the present work indicated that the levels of bone Ca and P in ovariectomized rats were significantly lower than those of the control group. These results are in agreement with Mattix Kramer et al 28 who reported that ovariectomized rats had impaired calcium balance that could have contributed to ovariectomy-induced OP. Menopause is associated with impaired intestinal calcium absorption that could be attributed to reduced plasma 1,25 dihydroxy vitamin D levels, as well as to the resistance of the gastrointestinal system to the action of 1,25 dihydroxy vitamin D. 29 Furthermore, evidence of OP resulting from ovariectomy causes elevation of parathyroid hormone (PTH) level. This elevation causes additional loss of BMD beyond the rapid bone loss associated with ovariectomy. 30 Moreover, ovariectomy results in hyperparathyroidism, which may, in turn, cause a change in calcium levels resulting in calcium release from skeleton, thus causing bone loss. 31 The histopathological findings of this study revealed that ovariectomized rats showed reduction in the thickness of trabecular bone and increased osteoclast cells around bone marrow cavity. These results were in accordance with Zhang et al 32 who found that ovariectomy caused a significant 60% reduction in trabecular bone volume, compared with sham-operated and induced increment of osteoclastogenesis. Similarly, Lane et al 33 noted that OP results from both the loss of trabecular bone mass and trabecular bone connectivity. They also showed that ovariectomy resulted in approximately 50% loss of trabecular bone volume compared with sham animals.
In addition, Orlić et al 34 found that ovariectomy induced increased bone resorption, thereby, leading to bone loss in osteoporotic-ovariectomized animals.
Moreover, D'Amelio et al 35 showed that estrogen deficiency stimulates osteoclast formation both by increasing the production of osteoclastogenic cytokines as tumor necrosis factor-α and receptor activator of nuclear factor Kappa B Ligand (RANKL) production by activated T cells and increasing the number of osteoclast precursors. Women with postmenopausal OP have a higher T-cell activity than healthy postmenopausal women, T cells thus contributed to the bone loss induced by estrogen deficiency in humans as they did in the mouse.
Furthermore, our results revealed improvement in OP as shown in femur and lumbar vertebrae specimens taken from atorvastatin-treated osteoporotic rats. Thickness of trabecular bone and new blood vessels formation increased in comparison 37 who reported that simvastatin does not prevent or restore ovariectomy-induced bone loss in 3-month-old SpragueDawley adult female rats 120 days post ovariectomy.
The relationship between the use of statins and improvement of bone quality reported in the literature is still controversial. Some animal studies have reported positive effects of statins on bone tissue, increasing bone formation and reducing the effects of OP, 38 bone defect healing when applied to the site of injury 39 and increasing bone density. 40 Our results showed that administration of atorvastatin to ovariectomized rat produces amelioration in the level of bone metabolic markers. These results are compatible with those reported by Lin et al 41 who found that the pleiotropic effect of statins derived its protective effect on the bone by the dual mechanism: suppressing osteoclasts and promoting osteoblastic activities. Also, Maeda et al 42 showed that statins, such as simvastatin and cerivastatin, regulate osteoblast function by increasing the expression of bone sialoprotein, OCN and type I collagen, and by suppressing gene expression of collagenases, such as matrix metallopeptidase (MMP-1) and MMP-13.
Lipophilic statins, simvastatin, atorvastatin and cerivastatin but not hydrophilic statin, pravastatin, markedly enhance the expression of vascular endothelial growth factor, a bone anabolic factor in osteoblasts. 43 Only few articles discussed the use of this predominantly lipophilic drug on BMD. [44] [45] [46] Uzzan et al, in meta-analysis, 10 found that statins have a statistically significant positive effect on BMD. In addition, Hughes et al 47 found that the statins of hydrophobic and hydrophilic nature have inhibited osteoclastic action in vitro, while some other studies have shown that lipophilic agents like simvastatin had better action. 7, 8 In the clinical part, we noticed an improvement in the T-score of the three sites after 18 months of administration of atorvastatin (40 mg/day) with vitamin D and calcium supplements in postmenopausal OP. This improvement was statistically significant in the femoral neck (P=0.048) and was not significant in the predominantly cancellous bone sites. This observation supports the conclusion previously drawn in the meta-analysis of more than 20 studies. Uzzan et al found that statins showed a better action on cortical bone and positive effect on BMD in various sites, and there was a modest but statically significant favorable effect of statins on BMD; however, the reason was not understood. 10 Molecular biology and genetics reveal that both vascular and osteoblast biology have a common pathway RANK/RANKL/OPG. 48, 49 With regard to this issue, there is growing interest concerning the possible mechanism and the impact of statins on bones on either the experimental or the clinical level. In addition, the study came in accordance with Amara et al's study which showed improvement in the BMD at the hip. 50 Further studies were performed in vitro to support the potential mechanism of the beneficial effect of statins on bone metabolism. The expression of genes such as BMP-2, COLLIA1, OCN (which demonstrate an anabolic effect) and depression of others like RANKL (leading to suppression of osteoclast activity), all stimulated by statins, may regulate the role of this class of drugs in bone formation. 51 Bauer et al 52 in meta-analysis showed the beneficial effect of statins on the reduction of hip fractures and its positive effect on BMD. In this study, no femoral neck fracture was reported among our patients during the study period. These results are in agreement with the previous studies. Therefore in the future, statins might gain a position among drugs used for the prevention and management of OP. Their anabolic and antiresorptive effects on bone make them an ideal candidate for OP treatment.
However, we need further studies with a larger number of patients and with a longer period of follow-up.
Conclusion
The biochemical and histopathological findings of the experimental part of the study in addition to BMD findings of the clinical part showed that atorvastatin not only increased the serum bone formation markers and bone formation but also reduced the bone resorption markers, denoting that it has dual mode of action: both anabolic and antiresorptive effect, on bone. This lipophilic statin member may act as a double weapon drug.
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